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1. Introduction 

CP symmetry is one of the most crucial symmetries in particle physics. In the Standard Model 
CP symmetry is violated through a complex phase in the CKM matrix. However, this violation 
is not big enough to lead to the observed baryon asymmetry of the Universe Determining all 
possible sources of CP violation is a fundamental challenge for high energy physics. 

In a CP conserving model both the Lagrangian and the vacuum state conserve CP. There are 
two possible sources of CP violation - either by parameters of the Lagrangian (direct or explicit vio- 
lation) or by the vacuum state (spontaneous violation). The 2HDM is one of the simplest extension 
of the Standard Model that allows both for spontaneous and explicit CP violation 

In 2HDM we deal with two doublets of scalar fields with identical quantum numbers, so there 
is a freedom of choosing the basis in the space of fields [J| §, H g, 0]. Because of this freedom it 
is convenient to study CP violation in the 2HDM not in terms of parameters of the potential that 
depend on the choice of basis but using the CP-odd weak-basis invariant quantities. 

We are interested in distinguishing the direct and spontaneous CP violation in 2HDM and for 
simplicity we focus here on scalar sector only, as in [JSj] . We will use the two different sets of 
weak-basis invariants: /-invariants introduced in and /-invariants [EL 0]. They are the analogs 



of the Jarlskog invariant [1C] allowing to distinguish between CP conserving and CP violating 
models. We show that by combining these invariants one can determine the way CP is violated - 
explicitly (directly) or spontaneously. We discuss separately a special case of CP violation without 
CP mixing, where CP violation appears only in the interaction 

2. The general 2HDM 

Let us consider the most general 2HDM (without the Yukawa interaction) [[| |3[ ^ ^ |6|] : 
& = -Zgauge + {Df&iY (D^ ) + (D^ 2 ) 1 (D^ 2 ) - V, (2. 1) 



2 V 1 V 2 



+ 



2 



- l -m 2 n (O^) - l -m 2 22 (<J>I> 2 ) - l -m 2 12 (<^<f 2 ) - X -(m\ 2 )* , (2.2) 

where <I>i. 2 are SU(2) doublet with weak hypercharge Y=+l, X\-4,m 2 l ,m 22 G R and X5-7,m 2 l2 G C. 

In the Higgs (Georgi) basis, in which only one doublet acquires the non-zero vacuum expec- 
tation value, scalar doublets can be decomposed in the following way: 



= »+n,+iG» . ^2= n 2 +iA ■ (2.3) 





In this basis we use special symbols for parameters of the potential, namely Ai,fl 2 j instead of A,-, mfj. 

There are various CP-transformations possible [||, which does not change the kinetic term 
of (|Q|). For our purpose it is enough to apply the simplest CP transformation (see also [||]): 

4»i(3f,0-»*i(-3f,0. #2 0^*2 (-*>')■ ( 2 - 4 ) 
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Under this transformation the neutral fields from the decomposition (2.3) transform as follows: 



m.2-^1,2, A-»-A, (2.5) 



so we can identify rji and rj 2 as the CP-even fields and A as the CP-odd field (see also [12]). 



The squared-mass matrix for the neutral fields (rji , T72, A) in the Higgs basis is given by: 



^ Mn A/12 M13 
Mi 2 M22 M23 
\M 13 M 23 M 33 



' v 2 Ai v 2 ReA6 — v 2 ImA6 

v 2 ReA 6 [v 2 A 345 -tf 2 }/2 -v 2 ImA 5 /2 |. (2.6) 
^-v 2 ImA 6 -v 2 ImA 5 /2 [v 2 A 345 - jltf 2 ] /2 



where A345 = A3 + A4 + ReAs , A234 = A3 + A4 — ReAs . There are two distinct cases here: 

• CP -mixing. This is a case with non-zero off-diagonal element Mi 3 or M23 leading to a mixing 
between states of different CP properties. Model allows for the CP violation since physical 
states hi, being combinations of 171,772, A, have indefinite CP quantum numbers. This is 
considered to be a standard way CP is violated in the 2HDM (and in other models). 

• no CP-mixing. When Mi 3 = M23 = then there is no CP-mixing and physical (mass-)states 
have defined CP properties. Neutral Higgs bosons are: CP-odd A and CP-even combinations 
of T71 and rj 2 denoted as h,H. 



Note that parameter A7 (in general complex) does not appear in the mass matrix ( |2.6| ) in the Higgs 
basis, and therefore it can be related only to the interaction (ie. couplings). 

3. CP-odd weak-basis invariants 

The CP-odd weak-basis invariants are quantities that are invariant under the weak-basis trans- 
formation, but change their sign under the CP transformation. In the Standard Model such invariant 



was introduced by C. Jarlskog for the quark sector [ 10]: 

J oc ( m 2 - ml) ( m 2 - m \) ( m 2 - m 2 ) ( m 2 - m 2 ) ( m 2 - m 2 ) ( m 2 - m^Im^X^) , (3. 1) 

where m, is a mass of /-quark, V,y are elements of the CKM matrix. In the Standard Model 7 is a 
only CP-odd invariant and if J = then CP is conserved. Note, that J = if two masses of quarks 
are equal. We know that in the SM / / and the CP is violated through the complex phase in the 
CKM matrix. In the 2HDM the situation is more complicated, however also here there is a close 
analog of the Jarlskog invariant, this time for scalars [[J : 

Ji oc (m 2 -m2)(m 2 -m 2 )(m2-m 2 )rnr2ir3i, (3.2) 

where m^i= 1,2,3 are masses of neutral scalars and 7}j - elements of rotation matrix between 
the mass-states and (171,172, A) fields. Also here if two masses of neutral Higgs bosons are equal 
J\ = 0. It is important to point out that in the 2HDM Ji = does not imply CP conservation in the 
scalar sector, in contrast to the Standard Model case. Vanishing of the J\ is now a necessary but not 
sufficient condition for CP conservation fP]. 



3 



On distinguishing the direct and spontaneous CP violation in 2HDM 



Dorota Sokolowska 



3.1 /-invariants 



The 7i invariant (3.2) is the only CP-odd invariant in 2HDM which can be constructed from 



the squared-mass matrix \W. It can be written also in two other forms by using elements of squared- 



mass matrix (2.6) before diagonalization and by parameters of the potential V (2.2), respectively: 



7i = M n M n (M 22 - M 33 ) + M 23 (M? 3 - M 2 l2 ) = -8v 6 Im (A^A|). (3.3) 

From the above form of J\ it is easy to see that if any two of three off-diagonal elements of the 
matrix ^M 1 vanish then J\ = 0. However, even when J\ = CP violation is possible [g], signalizing 
by two additional CP-odd invariants containing A7, the only complex parameter which is absent in 
^M 1 . So, the set of relevant CP-odd weak-basis invariant is 1 

] x = -8v 6 Im(A;A^), h = -4v 4 Im(A;A^), J 3 = 2V2v 3 Im(A;A 6 ). (3.4) 

To have CP conserving model all /-invariants must vanish [[J. If any of those three invariants 
does not vanish, then there is CP violation in the model. As we already discussed there are two 
cases with and without CP-mixing, which in terms of /i,2,3 can be described as follows: 

• If J 1 7^ (M 13 ,M 23 7^ 0) then there is mixing between states of different CP properties and 
physical states h\ ,/z 2 ,/z 3 have no defined CP quantum numbers. 

• If J\ = and / 2j3 ^0 we have CP violation from interactions even if there is no mixing 
between states. This case will be discussed further in section 4. 

It is worth noticing that all that these findings, in particular the fact of possible CP violation without 
CP-mixing, are valid not only in the Higgs basis Note, however that CP violation without CP 
mixing can not be realized in the 2HDM with soft violation of Z 2 symmetry. 

It is important to realize that /-invariants do not distinguish between explicit and spontaneous 
CP violation. So, in order to pin down kind of CP violation other types of invariants are needed. 

3.2 /-invariants 

The potential (12) can be written in the following form [^, 0]: 



V = Y ai <S>l<S> b + -Z ahcd -(&M{<S>l<S> d ). (3.5) 



1 

2 

Four CP-odd weak-basis invariants can be build from parameters Y a i , Z^j of V ( |3~3| ) [Q, |6|] 



h = Jm(Z^Z e lz bic jY d a), I 2 = Im(Y cS Y cd Z bgd fZ f 1 d ), 

h = I m (Z aSb jZ h j.Z d - h Zf S ji c Z k j mn Z n mhc), U = ^ m {ZacbdZcedgZ e hf^gaY h },Y q f). 

(Here Z ^ denotes a combination of the parameters Z abc j.) Note that in /• both quartic and quadratic 
parameters enter in contrast to /, derived for physical states, which can be expressed by quartic 
parameters (A,) only. 

'Only two of three ./-invariants are independent in the general 2HDM without fermions |^|. 
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The potential is explicitly CP conserving if and only if all /, vanish ^J. This means that there 
exists „a real basis" of fields <l>i , <I>2 in which all A, , mjj are real. In such case still CP can be violated 
spontaneously, since /-invariants are not sensitive to vacuum expectation value of fields. So, if 
V/; = then CP symmetry in the model can be either conserved (both explicitly and spontaneously) 
or violated spontaneously by the vacuum state. 

3.3 Distinguishing between various kinds of CP violation 

As we already discussed J- and /-invariants are sensitive to the different aspects of CP vio- 
lation in the scalar sector of 2HDM. In particular we see that they have different sensitivity for 
the spontaneous CP violation (/, have none). Combining the information provided by J- and I- 
invariants allows us to distinguish between conservation and violation of CP symmetry and if CP 
is violated to establish the pattern of this violation. A comparison of J- and /-invariants is shown 
in the table @. 

Table 1: A comparison of J- and /-invariants in the 2HDM 



CP properties of 2HDM 


J-invariants 


I-invariants 


CP explicitly violated 


37; + 


3// ^0 


CP spontaneously violated 


37; ± 


V/,- = 


CP conserved 


V/ ; = 


V/, = 



4. CP violation without CP mixing 

Let us now consider a special case, which we mentioned earlier, when physical states with 
defined CP properties have CP- violating interaction. In such model (in the Higgs basis) let us take 

ImAs = ImA6 = 0. 

Due to the chosen values of A5 and Ag there is no mixing between states of different CP and the 



Ji invariant (3.3) is equal to zero. After standard diagonalization we get states h, H and A with 
defined CP properties. 

The interaction of these particles h,H,A with gauge bosons is described by 



- 2 V v .„ r+ g 2 V v „„._l„._ R 2 V 



X- g D °—%lhW + W- + °— X v H HW + W- + °— X v A AW + W- 



(4.1) 



Xh 



2 ™ 2 " u 2 

cos a, x# = sina, xl = °- ( 4 - 2 ) 

Here a is a mixing angle between T]i and T72 fields. The %i are the relative couplings with respect 
to the Standard Model coupling between the SM Higgs boson and W/Z, with a sum rule (x^) 2 + 
{Xh) 2 + (Xa ) 2 = 1- All these couplings are like in the CP conserving case, in contrast to the case 
of CP mixing, where all couplings %Y for hi are in principle nonvanishing, in particular %\ ^ 0. 

Although the mass-squared matrix and interactions with gauge bosons point to the CP conser- 
vation, the remaining nonvanishing for ImA7 7^ /-invariants 



ImA 7 /0^/ 2 ,7 3 /0, 



(4.3) 
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ensure us that there is the CP violation in the considered (no CP-mixing) case. This CP violation 
shows up for example in the trilinear self-interaction of physical scalars J£ se if ■: 

1 1 , 1 , 

■%?self ^> — -ImAjv AAA — -ImAyvsin aAhh - -ImAyvcos aAHH, 

+ImA 7 vcos a sin aAhH - lmA 7 vAH + H~ . (4.4) 

We see that if ImAi / there are possible couplings with odd number of the CP-odd field A, 
which cannot occur in the CP conserving 2HDM. For example, new decay channels appear for A: 
A — > hh, HH, H + H . /-invariants tell us about CP violation in the model, however if we want to 
know what kind of CP violation occurs here we need to use /-invariants. 

5. Summary 

We studied the CP violation in the 2HDM with the aim to distinguish between the explicit and 
spontaneous form of this violation. We used two sets of well known CP-odd weak-basis invariants 
and we found that both of them are needed to pin down the nature of CP violation. 

We discuss a special case of CP violation without CP mixing, which is in contradiction with 
the usual treatment, where CP violation in the 2HDM is considered as being equivalent to the 
mixing between states with different CP properties. We found a case in which there is no CP 
mixing and the interaction of neutral Higgs bosons with gauge bosons preserves CP, however the 
Higgs self-interaction violates CP symmetry. This results in non-zero vertices with odd number of 
A (eg. A -► H + H '-). 

Acknowledgments We are grateful for discussion with H. Haber and I. Ivanov. 
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